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Abstract 
Since the 2004 Sumatra–Andaman earthquake (Mw 9.2), the northwestern part of the Sumatran island has been a 
high seismicity region. To evaluate the seismic hazard along the Great Sumatran fault (GSF), we installed the Aceh 
GNSS network for the Sumatran fault system (AGNeSS) in March 2005. The AGNeSS observed co-seismic offsets due 
to the April 11, 2012 Indian Ocean earthquake (Mw 8.6), which is the largest intraplate earthquake recorded in history. 
The largest offset at the AGNeSS site was approximately 14.9 cm. Two Mw 6.1 earthquakes occurred within AGNeSS in 
2013, one on January 21 and the other on July 2. We estimated the fault parameters of the two events using a Markov 
chain Monte Carlo method. The estimated fault parameter of the first event was a right-lateral strike-slip where the 
strike was oriented in approximately the same direction as the surface trace of the GSF. The estimated peak value of 
the probability density function for the static stress drop was approximately 0.7 MPa. On the other hand, the co-seis-
mic displacement fields of the second event from nearby GNSS sites clearly showed a left-lateral motion on a north-
east–southwest trending fault plane and supported the contention that the July 2 event broke at the conjugate fault 
of the GSF. We also calculated the Coulomb failure function ΔCFF caused by the first event to evaluate its effect on the 
second event. The results showed that the July 2 event was likely brought 0.1 MPa closer to failure by the January 21 
event.
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Background
Since the December 26, 2004 Sumatra–Andaman earth-
quake (Mw 9.2), the northwestern part of the Suma-
tran island has been an area of high seismicity  (Nalbant 
et  al. 2005) because there have been nine earthquakes 
of Mw ≥ 7.5 in the region, with four of them being 
responsible for triggering damaging tsunamis. The 2004 
Sumatra–Andaman earthquake may have triggered the 
March 28, 2005 Nias–Simeulue earthquake (Mw 8.6) at 
the southern edge of the 2004 Sumatra–Andaman earth-
quake rupture area (Franke et al. 2008; Hsu et al. 2006). 
The September 12, 2007 Bengkulu earthquake (Mw 8.4) 
and the October 25, 2010 Mentawai earthquake (Mw 
7.8) occurred in the deeper (10–30  km) and shallower 
(<6 km) sections of the Sunda subduction zone, respec-
tively (Gusman et al. 2010; Hill 2012). On April 11, 2012, 
an Mw 8.6 earthquake struck off the west coast of north-
ern Sumatra approximately 100  km west of the Sunda 
trench, which is in a diffuse deformation zone where 
the Australian–Indian oceanic plate is cleaving in two. 
This event in the Indian Ocean was followed by a sec-
ond earthquake (Mw 8.2) 2 h later. The two earthquakes 
on April 11, 2012, could have occurred as the result of a 
left-lateral slip on a north–northeast striking fault or a 
right-lateral dip on a west–northwest striking fault. The 
two different strike-slip faulting orientations are possible 
under the same tectonic stress field. Perpendicular strike-
dip faults that are both compatible with the same stress 
field are called “conjugate faults.” The 2012 Indian Ocean 
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earthquake is the largest intraplate earthquake recorded 
in history (Delescluse et  al. 2012). This event may pro-
vide information concerning the rheology of the oceanic 
asthenosphere.
Among the outstanding features of the Sunda trench 
system is the 1900-km-long Sumatran fault (Sieh and 
Natawidjaja 2000). The Great Sumatran fault (GSF) sys-
tem is a major 1900-km trench-parallel strike-slip fault 
system with several segments. It extends the entire length 
of the Sumatran island and coincides geographically with 
the volcanic arc through most of its length. The GSF sys-
tem has a right-lateral component that accommodates a 
significant amount of the strike-slip component of the 
oblique convergence between the Australian/Indian and 
Sunda plates (Fitch 1972; Sieh and Natawidjaja 2000; 
Genrich et al. 2000). Following the 2004 Sumatra–Anda-
man earthquake, previous studies had expected earth-
quakes to be triggered on the GSF (Nalbant et  al. 2005; 
McCloskey et al. 2005; Cattin et al. 2009). The reasoning 
is based on the Coulomb failure function CFF in the 
northern part of the GSF system due to the 2004 Suma-
tra–Andaman and 2005 Nias earthquakes (McCloskey 
et  al. 2005; Cattin et  al. 2009). Cattin et  al. (2009) sug-
gested that CFF increases by approximately 2  MPa on 
the northwestern part of the Sumatran fault, resulting 
in a greater seismic hazard potential for this region that 
may trigger a fault slip in the northwestern part on the 
Sumatran fault in the near future. Such earthquakes have 
yet to occur, and seismic activity along the GSF has not 
changed greatly. McCaffrey (2009) suggested that it takes 
a long time for the stress changes to act in the Earth due 
to fluids that modify the stress field (poroelastic effects). 
However, the question is still under debate.
In this paper, we present the GNSS measurements of 
co-seismic offsets resulting from the 2012 Indian Ocean 
earthquake and two subsequent Mw 6.1 earthquakes 
that occurred in the northwestern part of the Sumatran 
islands. The observed co-seismic offsets due to the 2012 
Indian Ocean earthquake were consistent with the rup-
ture models derived from seismological methods. The 
estimated focal mechanisms for the two Mw 6.1 events 
from co-seismic offsets were consistent with centroid 
moment tensor (CMT) solutions. However, the observed 
co-seismic displacement close to the source region sug-
gested the presence of conjugated fault ruptures, which 
were not parallel to the GSF.
GNSS observations
In March 2005, we established the Aceh GNSS Network 
for the Sumatran Fault System (AGNeSS) in the north-
western part of the Sumatran island (Ito et  al. 2012; 
Gunawan et  al. 2014). The AGNeSS consisted of seven 
continuous and 17 campaign GNSS sites spanning the 
northwestern segment of the GSF system. In this study, 
we used only 14 GNSS sites, which consisted of six con-
tinuous and eight campaign GNSS sites, to observe the 
events (Fig.  1a). The complete observation map of the 
AGNeSS is shown in Fig.  1b. For continuous GNSS 
measurements, we used Trimble 4000SSI receivers set to 
sample every second. For all the campaign GNSS meas-
urements, we used Trimble 5700 receivers and occupied 
each site between 24 and 48 h. We used the Bernese 5.0 
software to estimate the daily positions. We included 
the permanent International GNSS Service (IGS) sites 
(KUNM, PIMO, HYDE, and COCO), the IGS final 
ephemeris, earth rotation parameters, ionosphere model 
parameters, and differential code biases for satellites and 
receivers. The AGNeSS observed the post-seismic defor-
mation exceeding 90  cm for 9  years following the 2004 
Sumatra–Andaman earthquake (Ito et al. 2012). Figure 1c 
shows the time series of displacement at the Aceh GNSS 
site. The horizontal offset of the 2012 Indian Ocean 
earthquake was over 10 cm.
Fault parameter estimation
The fault parameters (locations, strike, dip, length, width, 
and slip amount) are highly correlated nonlinear param-
eters. To estimate these fault parameters, we employed a 
Markov chain Monte Carlo (MCMC) method, which is a 
powerful method for estimating the probability density 
functions (PDFs) of such parameters. In this study, we 
used the observed co-seismic offset, focal mechanism, 
and magnitude from seismic waveform analyses, which 
provided independent information related to crustal 
deformation. The event focal mechanism was intro-
duced by a priori information, which was controlled by 
a hyper-parameter α. The slip amount was highly corre-
lated with the magnitude, length, and width of the fault 
plane. To stabilize the solution, we fixed the magnitude, 
which was controlled by the MCMC sample. Hence, we 
could control the slip amount by adjusting the magni-
tude, rigidity, length, and width of the fault (Hanks and 
Kanamori 1979). We selected the length and width of the 
fault using the MCMC sample, and the slip amount was 
automatically selected. Our objective was to find the fault 
parameters as PDFs. For simplicity, we assumed that the 
observed data were mutually independent and had errors 
that obeyed N (0,E) and that the material was a homog-
enous, elastic, and isotropic half-space in the analysis 
(Okada 1992). Then, we could determine the PDFs of the 
data as follows:
(1)
p(d|θ) = (2pi)−N2 |E|− 12 exp(
−1
2
× (d − G(θ))TE−1(d − G(θ)
)
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where N and E denote the number of observed data d 
and the covariance matrix, respectively (Fisher 1922). The 
estimated data vector G(θ) was calculated by a forward 
model with fault parameter θ under an elastic half-space 
medium. Here we assumed that the fault parameters of 
an event were consistent with CMT solutions, and we 
incorporated this assumption into our MCMC scheme as 
a priori information. The CMT solutions were obtained 
from the US Geological Survey, National Earthquake 
Information Center. Specifically, we added a constraint 
that the slip vector from the CMT solution must follow 
the fault parameters:
where S(θ) is the slip vector, which is defined by the rake, 
strike, and dip of the fault parameter θ. We may represent 
the constraint in the form of the PDF of the fault param-
eters θ with a hyper-parameter α. The prior PDF of the 
constraint Eq. (2) can be written as follows:
Here, we incorporated a priori distribution p(θ;α2) in 
Eq.  (3) with the data distribution p(d|θ) in Eq.  (1) and 
obtained the posterior PDF through Bayes’ theorem as 
follows:
where
The posterior PDF, p(θ;α2|d), is a non-Gaussian distri-
bution. Because a closed-form analytical expression was 
unavailable, we constructed a discrete representation of 
the posterior PDF by sampling with a MCMC method 
using the Metropolis–Hastings (M–H) algorithm 
(Metropolis et  al. 1953; Hastings 1970). In the M–H 
algorithm, we discarded the 3.0× 106 samples as having 
memory of the initial parameters and considered the sub-
sequent 3.0× 107 samples drawn from the posterior PDF.
Results
The AGNeSS observed the co-seismic offset due to three 
events, i.e., the April 11, 2012 earthquake (Mw 8.6) and 
the January 22 and July 2, 2013 earthquakes (Mw 6.1). 
In particular, the two M6-class earthquakes were the 
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Fig. 1 Observations and seismicity maps of northwestern part of 
Sumatran islands. a AGNeSS observation map corresponding to 
rectangle in b. Red and blue squares denote using campaign and 
continuous GNSS observations, respectively. White squares represent 
locations that did not use GNSS sites of AGNeSS. Seismicity map is 
based on BMKG (Agency for Meteorology, Climatology and Geophys-
ics) database (lower detection limit is approximately Mw 4.5). b Co-
seismic offsets resulting from the April 11, 2012 earthquake derived 
from AGNeSS (blue arrows) and two previous studies (gray arrows) 
(Yadav et al. 2013; Hill et al. 2015). Red lines denote GSF surface trace. 
Circles denote seismicity from January 2012 to August 2013. Seismic-
ity map is based on USGS database. c Time series of displacement at 
ACEH GNSS site
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first to occur within the AGNeSS after the AGNeSS was 
established.
April 11, 2012 earthquake
The April 11, 2012 Indian Ocean earthquake (Mw 8.6), 
the largest strike-slip earthquake ever recorded, occurred 
approximately 610  km southwest of Banda Aceh. Two 
hours later, another earthquake (Mw 8.2) occurred 
approximately 180  km southwest of the first (McGuire 
and Beroza 2012; Ishii et al. 2013). Previous studies (Yadav 
et  al. 2013; Hill et  al. 2015) reported co-seismic offsets 
around the Andaman–Nicobar GNSS network, which 
includes the Sumatran GNSS Array (SuGAr) and IGS 
sites. The AGNeSS also observed horizontal co-seismic 
offsets (Table  1). The largest horizontal offset observed 
by the AGNeSS was approximately 14.9 cm at the MANE 
site, which is located approximately 440  km from the 
epicenters of the 2012 Indian Ocean earthquakes. How-
ever, the vertical offsets were very small (∼1 cm); thus, we 
reported only the horizontal offsets at the AGNeSS site. 
Figure  1b shows the horizontal displacements from the 
GNSS sites, which consisted of AGNeSS (blue arrows), 
SuGAr, and IGS sites (gray arrows) (Yadav et al. 2013; Hill 
et al. 2015). These offsets contained the effects of both the 
Mw 8.6 sequence and the Mw 8.2 aftershock. Hill et  al. 
(2015) constructed a fine co-seismic model from high-
rate GNSS time series, static GNSS displacements, and 
broadband teleseismic data. The co-seismic offsets at the 
AGNeSS sites were also consistent with the predicted 
offsets (Hill et al. 2015). The post-seismic deformation at 
ACEH 3  years after the 2012 Indian Ocean earthquake 
was up to 10 cm (Fig. 1c). This post-seismic deformation 
may include useful information for understanding the 
oceanic asthenosphere, such as viscosity.
January 21, 2013 earthquake
On January 21, 2013, an Mw 6.1 earthquake occurred 
within the AGNeSS. The focal mechanism and location 
of the first event strongly suggested the occurrence of 
a right-lateral strike-slip on the northwest–southeast 
trending GSF. The event occurred close to the GSF, and 
the GNSS site closest to this event was <10  km away. 
We estimated the co-seismic offset at the AGNeSS site 
using a correction for post-seismic deformation due to 
the 2004 earthquake. In order to remove the deforma-
tion at the campaign GNSS site, we applied post-seismic 
deformation modeling based on Ito et  al. (2012). After 
correction, we estimated the co-seismic offset due to 
the event. The vertical errors at the campaign GNSS site 
that were attributed to the resetting of the tripod and the 
daily positions were estimated to be several centimeters 
and 0.8  cm, respectively. The predicted co-seismic dis-
placement for the vertical component was approximately 
3.5 cm of subsidence at the GEUM site (Fig. 4a). However, 
the typical error of the vertical component was larger 
than the predicted co-seismic offset. In this study, we did 
not use the vertical component of the GNSS observations 
for the data analysis. The maximum co-seismic offset in 
the horizontal component was 7.4 cm at the GEUM site 
(Table 1). This co-seismic offset was oriented in a south-
east direction, which was consistent with the right-lateral 
strike-slip on the GSF.
Table 1 Observed co-seismic offsets determined by AGNeSS
GNSS site Latitude Longitude North (cm) East (cm) Event
ACEH 5.57°N 95.37°E 6.21 ± 0.82 8.72 ± 0.82 April 2012
UGAD 5.22°N 95.87°E 5.32 ± 0.91 10.51 ± 0.81 April 2012
TANG 5.02°N 95.92°E 7.01 ± 0.93 12.31 ± 0.92 April 2012
MANE 4.88°N 96.07°E 7.26 ± 0.94 13.12 ± 0.90 April 2012
GEUM 4.84°N 96.13°E −4.14 ± 1.04 6.14 ± 1.21 January 2013
MANE 4.88°N 96.07°E −5.15 ± 1.02 4.97 ± 1.03 January 2013
TANG 5.02°N 95.92°E 0.13 ± 0.97 −0.65 ± 0.91 January 2013
MALO 5.10°N 95.89°E −0.32 ± 0.99 −0.38 ± 0.98 January 2013
BEUN 5.14°N 95.88°E 0.54 ± 1.14 1.09 ± 1.43 January 2013
UGAD 5.22°N 95.87°E −1.31 ± 0.89 0.19 ± 0.98 January 2013
PIDI 5.37°N 95.93°E 0.64 ± 1.14 −0.50 ± 1.27 January 2013
MNYK 4.63°N 96.08°E 2.42 ± 1.42 −1.82 ± 1.24 January 2013
SKTN 4.99°N 96.69°E 0.80 ± 1.04 0.40 ± 1.21 July 2013
UJNG 4.71°N 96.82°E 0.64 ± 1.23 1.42 ± 1.34 July 2013
CELA 4.58°N 96.68°E 1.35 ± 1.43 4.31 ± 1.32 July 2013
TNDP 4.52°N 96.63°E 1.43 ± 1.25 2.20 ± 1.40 July 2013
BTAT 4.46°N 96.52°E 1.44 ± 0.99 0.18 ± 0.98 July 2013
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July 2, 2013 earthquake
The epicenter of the July 2 event was approximately 
25  km east of the GSF, and the USGS focal mechanism 
was very similar to that of the January 21 event (Fig. 2). 
We estimated the stress drop due to the July 2 event; 
however, the stress drop is strongly dependent on the 
fault size, and the fault length and width were difficult to 
determine because the current AGNeSS site distribution 
around the epicenter of the July 2 event only covered one 
side. Consequently, the fault length could not be deter-
mined (Fig. 3). Given the limitation of the AGNeSS site 
distribution, there were two possible approximations for 
the rake and strike of the July 2 event from the MCMC 
estimation. The rake and strike correlated with the source 
location, which was either on the northwest or on the 
southeast side of the aligned GNSS site around the July 
2 event. As a result, we could not determine which set of 
the two possible fault parameters better fit the co-seis-
mic offsets. However, the observation of landslides and 
damaged buildings resulting from this event suggested 
that the source was located on the northwest side of the 
aligned GNSS site. Thus, the strike of the July 2 event was 
assumed to be oriented in an east–west direction, which 
was inconsistent with the strike direction of the GSF. The 
strike of the July 2 event may correspond to a conjugate 
fault, though there is no evidence at the ground surface 
for the existence of a conjugate fault system associated 
with the GSF.
Fig. 2 Marginal posterior PDFs of source locations due to two events. 
PDFs were normalized by each peak value. The observed co-seismic 
offsets were derived from AGNeSS around northwestern part of 
Sumatran islands. Green and orange arrows denote the observed 
co-seismic offsets resulting from January 21 and July 2, 2013 earth-
quakes, respectively. The observed co-seismic offsets of January 21 
and July 2 events were relative movements to permanent ACEH 
and MALO GNSS sites, respectively. Seismicity was based on BMKG 
database. Focal mechanisms of two events referenced USGS data. Red 
stars refer to epicenters of two events
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Fig. 3 Marginal posterior PDFs of fault parameters θ. Right and left 
raw data show January 21 and July 2 events, respectively. These fault 
parameters show strike angle, depth, slip amount, dip angle, rake 
angle, length, and width
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Discussion
Estimated fault parameters
We estimated the focal mechanisms for two events from 
the observed co-seismic offsets derived from the GNSS 
measurements. Figure  2 shows the PDF of the source 
locations for the two events that occurred in 2013. Fortu-
nately, the source region of the January 21 event was cov-
ered by the GNSS site. Therefore, the estimated source 
locations of the January 21 event were more accurate 
than those of the July 2 event. The PDF distribution of the 
source location for the January 21 event slightly extended 
in the northwest–southeast direction and depended on 
the distribution of the GNSS site. The estimated loca-
tion of the January 21 event derived from the co-seismic 
offsets was approximately 25  km southeast of the epi-
center determined by the USGS, which was close to the 
GSF. The centroid of the focal mechanism was located 
approximately 10 km east of the epicenter. These results 
indicated that the main slip was southeast of the epi-
center. Our result was a reasonable estimate of the dam-
aged area and aftershock region. The focal mechanism of 
the January 21 event was consistent with a right-lateral 
fault, where the strike was oriented in approximately the 
same direction as the surface trace of the GSF (Fig.  3). 
Figure 4a shows the co-seismic displacement due to the 
January 21 event. The co-seismic offsets at the northwest 
part of the AGNeSS were <2  cm (Fig.  2) because these 
GNSS sites were located along the extended nodal fault 
plane, where the direction and amplitude of the co-seis-
mic offsets changed quite rapidly. This indicated that the 
estimated strike direction was nearly unique (Fig. 3). The 
January 21 event broke a small segment along the GSF.
Static stress drop
The stress drop is a fundamental parameter of earth-
quake dynamics. If we assume that the January 21 event 
was due to a strike-slip, then the static stress drop �σ can 
be expressed as follows:
where µ, D¯ and w represent the rigidity, the average dis-
placement and width of the fault, respectively (Parsons 
et al. 1988). We employed the value of rigidity as 30 GPa. 
Figure  4b shows the PDF of the static stress drop. The 
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Fig. 4 a Estimated co-seismic offsets due to January 21 event. Map 
colors indicate vertical displacement. b Marginal posterior PDF of 
stress drop due to January 21 event. c Static Coulomb stress change 
(effective friction 0.4) of July 2 event resulting from January 21 event
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drop were approximately 0.7 and 2.0  MPa, respectively. 
These values were approximately equal to one or one-
third of CFF due to a series of Sunda trench events 
(Cattin et  al. 2009). Typically, the static stress drop of 
inland earthquakes ranges from 1 to 10 MPa, and there is 
no dependence of the stress drop on the seismic moment 
(e.g., Baltay et al. 2011). The estimated stress drop in the 
current work was relatively small compared to those 
found in other studies (e.g., Allmann and Shearer 2009). 
In this region, Ito et  al. (2012) observed that the creep 
region, which is close to the broken segment, may be 
relatively weaker than other regions. Our estimated low 
stress drop may thus be consistent with that reported by 
Ito et al. (2012).
CFF
We sought to understand the source and consequences 
of the remarkable increase in seismicity along the GSF. 
We attempted to explain the observations by static 
stress transfer and to explain that the July 2 event was 
an effect of the January 21 event. The static Coulomb 
failure function (or stress change) caused by the fault 
slip may be calculated through the following equa-
tion: �CFF = �τ + µ�σn, where �τ is the shear stress 
change caused by the January 21 event, �σn is the fault-
normal stress change (positive when unclamped), and 
µ is the effective coefficient of friction (King et al. 1994; 
Harris 1998). The static stress change produced by the 
January 21 event was estimated based on an equation 
proposed by Okada (1992), assuming an elastic dis-
location in a half-space with a rigidity of 30  GPa and 
a Poisson’s ratio of 0.25. To evaluate the effect on the 
subsequent July 2 event, the regional stress change 
caused by the January 21 event was calculated using 
the fault parameters estimated by the MCMC method. 
The strike of the July 2 event was oriented in a north-
east–southwest direction, which was inconsistent with 
the direction of the GSF. Figure 4c shows the Coulomb 
stress change of the July 2 event resulting from the Jan-
uary 21 event. The static Coulomb stress change at the 
epicenter of the July 2 event increased by approximately 
0.1  MPa. This value was smaller than CFF due to a 
series of Sunda trench events, which produced a stress 
change of approximately 1.6 MPa. Although CFF due 
to the January event was very small (approximately 
0.1 MPa) and corresponded to a small percentage of the 
typical stress drop of inland earthquakes (1–10  MPa), 
the January 21 event contributed to increasing the risk 
of the July 2 event. However, we could not find other 
evidence of a clear relationship between the two events. 
As a result, we could only suggest that the July 2 event 
was brought 0.1 MPa closer to failure by the January 21 
event.
Conclusions
We detected co-seismic offsets resulting from three 
events, i.e., the April 11, 2012 Indian Ocean earthquake 
and the January 21 and July 2, 2013, events detected by 
the AGNeSS in the northwestern part of the Sumatran 
islands. The observed co-seismic offsets due to the 2012 
Indian Ocean earthquake, among which the largest offset 
at the AGNeSS was 14.9 cm in a north-northeast direc-
tion, were consistent with otherwise estimated co-seismic 
models (Hill et al. 2015). The largest observed co-seismic 
offset resulting from the 2012 Indian Ocean earthquake 
at the AGNeSS was 14.9 cm in a north-northeast direc-
tion. The AGNeSS also observed co-seismic offsets due 
to two Mw 6.1 events around the GSF. We investigated 
the focal mechanisms and static stress drop using the 
MCMC method and the static stress change resulting 
from the January 21 event. We identified that the January 
21, 2013, event broke along the GSF segments and that 
the July 2 event did not break along the GSF segments. 
The observed displacement supported the contention 
that the July 2 event broke at the GSF conjugate fault. The 
July 2 event was brought 0.1 MPa closer to failure by the 
January 21 event.
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